Introduction
The therapeutic goal in subjects with diabetes on insulin treatment is to maintain a tight glycemic control preferentially through an insulin regimen that closely mimics physiological insulin secretion. The Diabetes Control and Complications Trial firmly established the value of tight glycemic control in preventing or delaying the development of long-term diabetes-related complications.
1 During recent years, a body of evidence has emerged that postprandial hyperglycemia, as distinct from overall glycemia, is a direct and independent risk factor for diabetes-related diseases. [2] [3] [4] [5] [6] [7] Using conventional subcutaneous regular human insulin (sc RHI) to cover postprandial insulin needs has some drawbacks. For instance, sc RHI has a slower onset of action, a later maximum activity, and a longer duration of action than rapid-acting insulin analogs and inhaled insulin formulations. [8] [9] [10] [11] Furthermore, there is considerable variability in the metabolic effects of insulin formulations, both from dose to dose within one subject (within-subject variability) and between subjects (between-subject variability). The development of inhaled insulin has raised the hope of a lower variability because insulin is absorbed from the lungs in a kinetically more advantageous manner than from the subcutaneous injection site. 12 However, in healthy subjects, the reproducibility of the effect of inhaled insulin was comparable to that of sc RHI. 13 Likewise, studies in subjects with type 2 diabetes showed no differences in variability between an inhaled insulin formulation and sc RHI. 14, 15 In contrast, a slightly lower within-subject variability of an inhaled insulin, with respect to its pharmacokinetic and pharmacodynamic summary measures, could be demonstrated in one study in subjects with type 1 diabetes. 16 Technosphere ® Insulin (TI; MannKind Corporation, Valencia, CA) is a formulation of RHI designed for efficient pulmonary administration of insulin 17 that demonstrates unique pharmacokinetic and pharmacodynamic properties compared with sc RHI, insulin analogs, and other inhaled insulins.
18 This inhalation dry powder was prepared by loading recombinant human insulin (Sanofi-Aventis, Frankfurt/Main, Germany) onto microparticles of selfassembled fumaryl diketopiperazine (FDKP) molecules. 17 The time to maximum serum insulin concentration with TI is approximately 10-14 minutes and almost complete insulin absorption occurs within 3 hours. 19, 20 The aim of this study was to compare the time action profiles of TI in conjunction with the within-and between-subject variability of insulin absorption and the metabolic effect of repeated doses of TI vs sc RHI in subjects with type 2 diabetes.
Method

Study Design and Volunteers
Thirteen nonsmoking subjects with type 2 diabetes of either gender, between the ages of 18 and 65 years, with a body mass index (BMI) <35 kg·m -2 and hemoglobin A1c (HbA1c) ≤9% were enrolled in the study. Subjects were required to have normal pulmonary function (at least 80% of predicted forced vital capacity, forced expiratory volume in 1 second, and vital capacity) and to have followed a regimen of intensified insulin therapy (defined as separate injections of basal and prandial insulin with at least three insulin injections per day) for the last 6 months. Exclusion criteria included prandial regular insulin doses of >30 units, treatment with oral antidiabetic agents, evidence of severe secondary diabetes complications, and history of chronic pulmonary diseases. The study was approved by the local ethics committee and was carried out in accordance with the principles of the Declaration of Helsinki and of Good Clinical Practice. Subjects gave written informed consent after a detailed oral and written explanation of the study procedures.
This prospective, controlled, open-label, randomized, replicated, six-period crossover study was conducted at one study center (Profil Institute for Metabolic Research, Neuss, Germany). The sample size was decided empirically, and triplicate administration of each study drug was implemented to provide additional power. There were a total of eight visits, including an initial screening visit (visit 0) and a final visit (visit 7), during which subjects underwent a physical examination, 12-lead electrocardiogram recording, and clinical laboratory tests. Pulmonary function was measured at each visit (PC Classic Spirometrics, MannKind Corporation). At the treatment visits (visits 1-6), isoglycemic glucose clamp procedures were performed. At each visit, subjects received either 48 units of TI (48 TIU) or 24 units of sc RHI (U100 Actrapid HM ® , Novo Nordisk, Bagsvaerd, Denmark), so that each subject received three doses of TI and three doses of sc RHI. The TI dose was selected based on a previous meal challenge study that supported 48 TIU as a relevant clinical dose. 21 The sc RHI dose was estimated to provide similar glucose-lowering activity over 3 hours, which would be a clinically relevant time for comparison. TI was administered via a MedTone ® inhaler (MannKind Corporation), and sc RHI was injected in the abdominal region by means of a syringe. The treatment visits were separated by a washout period of 2-14 days. On the evening prior to the study daysduring which, apart from the study medication applied, an identical experimental procedure was followed-no food intake was permitted after 8 p.m. At this time, subjects injected their last dose of basal insulin. Subjects taking insulin glargine injected their last dose no later than 7 a.m. on the previous morning. At 2 a.m. on the day of the glucose clamp procedure, subjects measured their blood glucose concentration and were instructed to inject no more than 10 units of sc RHI in case the blood glucose measured >151 mg/dl. Subjects randomized to receive TI were trained in the correct use of the MedTone inhaler using empty cartridges prior to study drug administration.
Technosphere Insulin was provided in standardized cartridges containing 24 TIU each. The cartridges are designed specifically for the MedTone inhaler, which is a high-resistance, dry powder device.
Glucose Clamp Procedure
At 4-6 hours before administration of the study drug, an individual intravenous insulin infusion (Actrapid HM) was administered by means of a precision pump (infusion pump, Midpress TE*171CW3, Terumo, Tokyo, Japan) in order to adjust the subject's blood glucose to a target level of 120 ± 18 mg/dl. One hour prior to study drug administration, the insulin infusion rate was lowered to a minimum level where blood glucose remained stable within the target range. All insulin infusion was stopped completely at the time of study drug administration. At time point zero, subjects either inhaled TI via the MedTone inhaler or injected sc RHI into the lower right quadrant of the abdomen.
Following drug administration, an isoglycemic glucose clamp procedure was commenced using a Biostator (glucose-controlled insulin infusion system; Life Science Instruments, Elkhardt, IN) to keep constant arterialized venous blood glucose at 120 ± 18 mg/dl. Continuous sampling of arterialized venous blood by the Biostator was enabled by placing the subject's left hand in a box warmed to an air temperature of 55°C. Glucose requirements were calculated on the basis of the actual blood glucose concentrations measured by the Biostator on a minute-to-minute basis. A 20% glucose solution matching the subject's glucose requirements was automatically infused by the Biostator using its builtin pumps with glucose infusion rates registered for 9 hours. Blood glucose measurements by the Biostator were cross-checked in 30-minute intervals using blood glucose measurements based on a glucose oxidase reference method (Super GL, Hitado Dellecke-Möhnesee, Germany).
Blood samples were collected at regular intervals for later measurement of serum insulin, C-peptide, and FDKP concentrations. Serum insulin was measured using a microparticle enzyme immunoassay (IMx Insulin Assay, Abbott Laboratories, Wiesbaden, Germany). The C-peptide concentration was measured using a commercially available human C-peptide radioimmunoassay kit (Linco Research, St. Charles, MO). FDKP analysis was performed at XenoBiotic Laboratories, Inc. (Plainsboro, NJ).
Statistical Analysis
Pharmacokinetic parameters, including maximum serum insulin concentration (INS-C max ), time to INS-C max (INS-T max ), time from INS-T max to 50% of INS-C max (late 50% INS max ), and fractional and total insulin areas under the curve (INS-AUC 0-2 h , INS-AUC 0-3 h , and INS-AUC 0-9 h ), were derived from the serum insulin profiles. The pharmacodynamic parameters, including maximum glucose infusion rate (GIR max ), time to GIR max (GIR-T max ), and fractional and total GIR AUCs (GIR-AUC 0-2 h , GIR-AUC 0-3 h , GIR-AUC 0-6 h , and GIR-AUC 0-9 h ), were derived from the GIR profiles. No adjustment for baseline values was made calculating pharmacokinetic or pharmacodynamic parameters because the basal intravenous insulin infusion was discontinued at dosing; therefore, insulin levels measured after this time point would represent the experimental drug. After discontinuation of the basal insulin dose, there is a brief period until this insulin is cleared; however, the very short half-life of intravenous insulin and the very low starting insulin concentration relative to that generated by the experimental drug make this contribution negligible. All AUCs were calculated applying the trapezoidal rule. GIR profiles were smoothed using a polynominal function of the sixth order to allow the assessment of GIR max and GIR-T max . The pharmacokinetic and pharmacodynamic parameters were analyzed using a mixed-effect analysis of variance with factors for treatment sequence, subjects (nested within sequence), period, and treatment included in the model. Within-and between-subject variability of TI and sc RHI treatments across pharmacokinetic and pharmacodynamic summary measures were calculated using a mixed model based on untransformed data and were expressed as the coefficient of variation (CV [%]=SD/mean × 100). The between-subject variability was estimated after adjusting for the within-subject variability. For comparison of CV%, a t test was used owing to the relative robustness for assumptions of normal distribution. The confidence interval for CV was calculated as CV/sqrt(2* ). All volunteers who completed the study were included in the pharmacokinetic and pharmacodynamic analyses. Safety analyses were based on all enrolled subjects. Statistical analyses were done using SAS (version 8.02; SAS Institute, Cary, NC). A p value <0.05 was regarded as statistically significant. Values given are mean ± SD throughout the text.
Results
Thirteen subjects with type 2 diabetes (10 males, 3 females, age 56 ± 7 years, BMI 30.4 ± 3.0 kg·m -2 , HbA1c 6.9 ± 0.9%) were enrolled in the study. One subject (female) was excluded after visit 3 because of a serious adverse event (pneumonia); 12 subjects in all completed the study. Mean blood glucose during isoglycemic glucose clamp procedures was maintained close to the target level of 120 ± 18 mg/dl for TI inhalation and sc RHI injection (124 ± 4 vs 121 ± 2 mg/dl). Also, cumulative insulin infusion rates prior to the application of either TI or sc RHI were comparable (6.9 ± 4.0 vs 7.2 ± 3.7 U), as were the basal insulin levels (146. Figure 1A) . The maximum serum insulin concentration (INS-C max ) was about twice as high with TI as with sc RHI (p = 0.0001). Insulin exposure during the first 3 hours (INS-AUC 0-3 h ) was comparable for TI and sc RHI (55.8 vs 60.0 nmol·min·liter -1 ). In contrast, total insulin exposure (INS-AUC 0-9 h ) was lower with TI than with sc RHI (p < 0.0001).
Within-subject variability of early insulin exposure (i.e., for the first 2 or 3 hours following administration) was numerically lower with TI than with sc RHI ( Table 2) . Within-subject variability for the 9-hour study duration was similar for the two treatments. Within-subject variability of INS-C max was numerically lower with TI than with 4 vs 29.2% ). Between-subject variability was greater with TI than with sc RHI at 0-3 and 0-9 hours, as was between-subject variability in INS-C max (p < 0.01).
Pharmacodynamics
The GIR AUC 0-3 h was similar for the two treatments, but the distribution of the total glucose-lowering effect was significantly different between TI and RHI (p < 0.05; Table 1, Figure 1B) . The GIR-T max was approximately 200 minutes earlier with TI than with sc RHI (p < 0.0001). Although total and maximal glucose disposals (GIR-AUC 0-9 h and GIR max ) were less with TI than with sc RHI (p < 0.0001 and p = 0.004, respectively), the majority (i.e., 59%) of the total glucose-lowering effect of TI (GIR-AUC 0-9 h ) was delivered during the 0-to 3-hour postdosing period, compared with only about 27% of the total effect of sc RHI.
Within-subject variability of glucose disposal for the first 2-3 hours following administration (GIR-AUC 0-2 h and GIR-AUC 0-3 h ) tended to be lower with TI than with sc RHI (p = not significant; Table 2 , Figures 2A and  2B) . Conversely, within-subject variability of total and maximum glucose (GIR-AUC 0-9 h and GIR max ) disposal was numerically higher with TI than with sc RHI. Between-subject variability for GIR-AUC 0-9 h was greater than within-subject variability and was similar for both treatments.
C-peptide
Serum C-peptide concentrations did not increase significantly above baseline levels during the 9 hours following sc RHI treatment. In contrast, there was a substantial increase after 2 hours, reaching maximal values 6 hours following TI treatment that were sustained during the rest of the observation period. This indicates a transition from an exogenous to an endogenous source of insulin levels measured (Figure 3) . Using GIR-AUC 0-6 h as an estimate of the total TI-induced effect, the fraction of the effect delivered by TI within the initial 3 hours was approximately 71%.
Fumaryl Diketopiperazine
The profile of FDKP in plasma was similar at the first and last administrations of TI (data not shown). Maximum concentrations of FDKP were reached by 15 minutes postdose, and the mean half-life was about 157 minutes. At 9 hours postdose, FDKP concentrations were about 10% of the maximum values.
Safety
Overall, seven treatment-emergent adverse events occurred during the study, five of them during periods following sc RHI treatment and two following TI treatment. Most were mild to moderate in severity and none were considered related to the study drug. One subject experienced a severe adverse event of hospitalization with pneumonia. This subject was excluded from further participation because of respiratory infection. Coughs were reported after 6 (15%) of the total 39 doses of TI. Six (46%) subjects coughed following the first or second of their 3 doses of TI, usually one cough per subject. No treatment differences were observed for pulmonary function, with small within-group reductions measured after both treatments. Although the changes were statistically significant, they were not clinically meaningful (i.e., all means were ≥87% of predicted normal). No clinically relevant changes occurred in safety laboratory parameters.
Conclusions
Our study confirmed the rapid onset and shorter duration of action of inhaled TI compared with sc RHI. In contrast to sc RHI, the major part of the glucoselowering effect for TI occurs during the initial 3 hours after administration. Increased C-peptide concentrations at 240 minutes also suggest that the effects of TI decrease markedly after this time.
Variability in the pharmacokinetics (i.e., in the absorption rate of insulin) and the pharmacodynamics (i.e., the metabolic response to circulating insulin) both contribute to the overall variability of the insulin effect.
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The absorption of subcutaneously injected insulin formulations depends on a variety of factors, such as the local blood flow in the subcutaneous tissue, the injection site, the depth and technique of injection, and the physicochemical properties of the insulin preparation. [23] [24] [25] The development of inhaled insulins has raised the hope of decreasing insulin variability, as insulin is absorbed and cleared more rapidly from the lungs than from the subcutaneous injection site. 26 In addition, blood flow through the epithelium of the lung, where pulmonary absorption takes place, is more homogenous, as in subcutaneous tissue, where varying amounts of fat and connective tissue may be present at different injection sites 12 and local temperature may affect blood flow.
The variability of pulmonary delivery of insulin by different technologies has been reported. One study in subjects with type 1 diabetes, using an aerosolized liquid insulin formulation, found a within-subject variability of 26% calculated from serum insulin profiles and of 34% from glucose infusion rates, both >10 hours after dosing. 27 Both values were higher than what was observed for TI in the current study. A second study, also in subjects with type 1 diabetes and using the same formulation, found a within-subject variability of 27% for insulin absorption and 30% for glucose infusion. 16 Finally, the within-subject variability of liquid aerosol-inhaled insulin, using an electronic nebulizer, was compared with that of sc RHI in subjects with type 2 diabetes. The within-subject variability for the appearance of insulin and total metabolic effect was 16 and 22%, respectively, and was comparable to that obtained by sc RHI. 14 In our study, the within-subject variability of insulin exposure with TI was numerically lower than with sc RHI over the 0-to 2-hour and 0-to 3-hour time intervals. In the case of pharmacokinetic and pharmacodynamic studies, the sample sizes usually preclude having enough power to make definitive conclusions, particularly because of the larger variability in pharmacodynamic parameters; such was also the case with this study. We recognize these limitations, but believe that the consistent results in the current study permit a qualitative interpretation. The within-subject variability for the entire study period (9 hours) was similar for TI and RHI. The within-subject variability in the metabolic effect was also numerically lower with TI than with sc RHI in the earlier time intervals, but it was slightly higher over the 0-to 9-hour interval. Various elements of normal day-to-day activities may also affect the variability of inhaled insulin, although currently available information is very limited.
Technosphere Insulin delivered the majority of the glucose-lowering effect during the first 3 hours after inhalation (represented by approximately 71% of total GIR), in contrast to sc RHI, which only delivered 27% of GIR. This is because of the very fast and steep onset of action with TI approaching that of the intravenous injection of RHI. 20 No other clinically useful insulin formulation has demonstrated a similarly rapid onset of action. 17 To obtain a similar glucose-lowering activity as TI during the crucial initial 3 hours following sc RHI administration, a larger total dose of sc RHI would be required. The large residual activity (i.e., 73%) following sc RHI administration after 3 hours might easily require the intake of an additional snack to prevent late hypoglycemia.
In contrast, the pharmacokinetic and pharmacodynamic profiles of TI seem to be more suitable to cover prandial insulin requirements, although this remains to be shown under daily live conditions in adequately designed longterm outpatient studies.
The safety profile of TI observed in this study did not cause any clinical concerns. No adverse event was judged to be inhaler or drug related, and no clinically significant changes in lung function (forced vital capacity, forced expiratory volume in 1 second, and vital capacity) or clinical chemistry were observed throughout the study. A reduction in hemoglobin and hematocrit was observed, which was considered related to the blood draw volume during the study (525 ml). Cough, which is a common epiphenomenon of inhaled insulin therapy, occurred after 15% of doses were administered, usually as a single episode per subject after one of their three doses. Subjects experiencing cough did not have any symptom suggestive of respiratory distress. An assessment of the long-term safety of TI will require appropriately designed long-term studies.
The tendency for a lower variability in insulin absorption, rapid onset of action, and shorter duration of effects makes this drug more suitable for the replacement of prandial insulin secretion in subjects with type 2 diabetes. It is also possible that these characteristics may translate into a lower risk of postprandial hypoglycemia. These findings will need to be confirmed in larger, longterm trials of clinical use.
